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1. EXECUTIVE SUMMARY

This final report documents activities performed under Contract F29601-00-C-0212, for the
functional requirements and technical assessment for the development of an Advanced
Navigation Terminal System (ANTS), using the Global Positioning System (GPS). Under
the Base Year of this contract, a Functional Level Specification and System (FLSS)
Architecture Study was performed. Under Option Year 1, Technology Assessment items:
1) GPS Transceiver (GPST); and, 2) a small All-zenith multlpath limiting antenna (AZMLA)
were developed. This report documents the outcome from these activities.

Under the FLSS, the ANTS functions are partitioned into Ground Segment (GS), Air
Segment (AS), and Space Segment (SS). The ANTS system operates in four primary and
five auxiliary modes. The four primary modes are: 1) Mode 1: Differential GPS (DGPS);
2) Mode 2: DGPS / DPL; 3) Mode 3: PL-Only (non-differential with no GPS at some pomt)
and, 4) Mode 4: DPL (No GPS at some pomt)

After the ANTS (FLSS was largely completed), an Architecture Trade-off Analysis was
conducted. A GPS (L1, L2, C/A and/or P-Code) and Inertial Navigation System (INS)
integrated system was used as a baseline configuration. This baseline configuration was used
to assess if additional performance could be attained for an ANTS. The analysis was largely
performed by a Simulation Model using GPS, INS, and Pseudolites (PL)s with an Extended
Kalman Filter. The simulations performed modeled an AS trajectory of approximately 535
seconds (8.92 minutes), which uses a 0.7 nmi/hr medium accuracy INS and conservative
4-channel Precise-code (P-code) GPS receiver. An additional four ground-based PL
measurements were simulated to provide additional extended Kalman filter measurement
updates. Depending on the radial distance of the PL measurements and actual Kalman filter
implementation onboard the AS, how the Kalman filter measurements are implemented, and
if the PL. measurements are available (as simulated in this project) a reduction of horizontal
error between 24.6% and 94.7% may be expected with a 68% confidence.  Also, altitude
“error was found to be associated with two factors: a) the radial distance of the PLs, and b)
the orientation of the PLs with respect to the AS trajectory. Results show that altitude error
reduction between 38.8% and 82.8% may be expected at a 68% confidence (given an optimal
onboard (AS) Kalman filter integration). Because of the vehicle dynamics, it 1s critical that
the Kalman filter tuning and measurement update rates, including the overall systems
integration of the automated flight controls, be adjusted accordingly to ensure navigation and
guidance and control optimization. The final seconds of AS flight (while the space-based
GPS is assumed to be not available) are critical to obtain good system performance for the
ANTS.

The GPST was formed by integrating an IN500 PL transmitter, a NovAtel Millennium
GPS/PL receiver, an RF attenuator/blanker circuit, and a real-time controller, the latter being
autonomous and re-configurable. A prototype GPST was developed for applications
evaluation in the ANTS and for technology assessment. Due to contractual difficulties with
Rockwell-Collins, which did not wish to participate in this development, the secondary
‘source was selected for the PL transmitter. - The secondary source, IntegriNautics,
Incorporated, provided a larger, highly-capable box (IN500) but generated only L1, C/A, and



P-codes; it did not generate 1.2 (1227.60 MHz) for GPS. To overcome this shortcoming, a
L1-to-L2 translator was designed, built, and tested. The dual-frequency nature of the PL
transmitter was used primarily to achieve the desired frequency diversity during scenarios
where only one of the two GPS frequencies was available. These PL signals can then be
used to augment the GPS Space Vehicles (SV) constellation or be used as a separate ranging
source. A low-power version of the attenuator/blanker circuit was designed and built which
investigated timing issues associated with the real-time control of this function. Good system
* performance was attained on L1 and L2, Coarse Acquisition (C/A), and P-code tracking.

Although the overall AZMLA is not complete and did not meet the overall design envelope

initially sought, the AZMLA still holds promise to become a mid-range-performing
multipath-limiting GPS/PL antenna which can simultaneously operate at both L1 and L2
frequencies. Accurate phase/amplitude response, with this very broad band frequency
requirement, is difficult to achieve. and will limit sidelobe suppression and the associated
desired-to-undesired (D/U) ratio. Preliminary testing of the four-element Cross-V Dipole
Multipath-Limiting Antenna (MLA) array indicates that the MLA array alone may be able to
provide the desired hemispherical pattern response, which would significantly simplify the
AZMLA design, as well as make it smaller and lighter. Control over the vertical patterns of
the MLA portion of the AZMLA has proven to be complicated when applying the broad
bandwidth requirements upon the array. The design of an adequate Cross-V Dipole, which
allows vertical sacking of multiple elements to form a co-linear vertically stacked array, has
also been complex. The mechanical layout of the power distribution assembly, in a manner
which does not affect the radiation response of the Cross-V Dipole, is problematic.
Successful development of the AZMLA is still believed to be possible with additional effort.
Further development of the AZMLA is still favorable, given that there is a significant
application for an antenna with the performance planned for the AZMLA. -

The objective of this program was to provide sufficient assessment for the potential
development of an ANTS that will minimize the risk for successful implementation of the
final ANTS at some time in the future. Emphasis was proposed and placed on the purchase
of Commercial off-the-shelf (COTS) equipment whenever practical and available. The FLSS

and the Architecture Trade-off Analysis, although not exhaustive, did provide sufficient
detail and illustrated the potential benefit to an ANTS. The GPST developed provided
sufficient detail to see the benefit of an integrated GPS-like (i.e., PL) transmitter and GPS/PL
receiver package. In addition, the deployment of ground-based PL transmission and
reception assets would require a transportable antenna system to mitigate multipath: the
AZMLA was a goal of this capability. Though not achieved, it did provide sufficient
technology assessment of the small stacked-array prototype. While the overall design
predicts good performance, fabrication difficulties existed in terms of mutual coupling
between array elements, which limited its overall performance.

For this contractual effort, an FLSS and architecture analysis were documented.
Additionally, technology assessments were conducted in key areas which are necessary for
ANTS deployment. Several innovative techniques were explored including the development
of a GPST, and considering there integrations in multiple Ground Segment Unit (GSUs), and
the development of a small AZMLA technology. As stated in the original proposal, all the




major items in the program are “pushing” the state-of-the-art with respect to the fact that, to
the best of our knowledge, they are not being done elsewhere. Successful implementations
of these techniques will have direct impact on the potential future deployment of an ANTS.
Additional risk mitigation would likely be required to ensure this successful implementation.

2. INTRODUCTION

This report is the final report for the Air Force Research Laboratory (AFRL), Space Vehicles
Directorate (VS), Ballistic Missile Technology (BMT) Demonstration under contract
F29601-00-C-0212 [1]. This document describes the program which performed the
functional requirements analysis and technical assessment for the development of an
Advanced Navigation Terminal System (ANTS) using the Global Positioning System (GPS).-
Under the Base Year of this contract, a Functional Level Specification and System (FLSS)
Architecture Study was performed. Under Option Year 1, a technology assessment was
performed on: 1) GPS Transceiver (GPST) and 2) a small All-zenith multlpath limiting
antenna (AZMLA). This report documents the outcomes of these activities.

The development approach originally proposed by Ohio University is summarized as
follows:

Phase I: Develop an FLSS for the ANTS that would capture requirements of the AFRL/VS
BMT program requirements. This specification would detail the airborne and ground-based
subsystems and define a typical scenario that would be used to assess various architectures.
Phase II: An Architecture Trade-off Analysis was conducted that included combinations of
GPS and inertial navigation systems (INS), with up to four pseudolite augmentation sources.
Under Option 1 of this contract, a technology assessment for the ANTS applications was to
- be conducted which include two major components of the ANTS: 1) the development of a
GPST, and 2) the development of a small AZMLA technology. Technology of additional
items in Options 2, 3, and 4, which included Fast Acquisition and Tracking Block Processing -
Techniques, ultra-wideband communications technology, and embedded data link
technology, were not conducted. :

3. PROGRAM OBIJECTIVES

The objective of this program was to provide sufficient assessment for the potential
development of an ANTS to minimize the risk for successful future implementation of the
final ANTS. Emphasis placed on the purchase of commercial off-the-shelf (COTS)
equipment whenever practical and available. This report documents the level-of-effort tasks
performed in the development of hardware and software that can be used in a prototype
ANTS.



4. PROGRAM DESCRIPTION

This Advanced Navigation Terminal System using GPS program documents the functional
requirements of AFRL/VS BMT and develops a detailed system architecture analysis and
technology assessment of the key items necessary. Several innovative techniques were
explored to include the integration of a GPS Transceiver and consider its interaction with
other ground-based GPSTs, and to develop small all-zenith multipath-limiting antenna
technology. As stated in the proposal, “all of the major items in the program are pushing
AZMLA the state-of-the-art with respect to the fact that, to the best of our knowledge, they
are not being done elsewhere. Successful implementations of these techniques will have
direct applications in the commercial arena including multipath limiting for precise
navigation, and GPS ranging applications using the GPST to augment GPS.”

4.1  Overall Concept of an Advanced Navigation Terminal System (ANTS)

The overall concept of ANTS provides airborne and ground equipment to enable precise
position, velocity, and time (PVT) estimation at the sub-2-meter level of the airborne vehicle
when GPS is unavailable due to local interference or service disruption. The GPS service
disruption could be local or global in nature.

For the ANTS concept, pseudolite (PL) measurements can be thought of as a GPS
. measurement that is received from ground-based positioning systems instead of space-based

satellite positioning systems. The advantage of this is two-fold:
1) Potential for increased accuracy. Since GPS accuracy is a function of the geometry
~ of the measurements, the user now has the luxury or capability to set-up a unique
“optimal” geometric ground-based system for an a priori flight path. For example, if
altitude accuracy needed to be improved, it may be possible, theoretically, to add
pseudolite measurements along the flight path for added vertical navigation position

- accuracy.

2) Increased availability and modifiability. Frequency, power output, and encrypted
modulation technique of the transmitted signal can be tailored for the specific mission
at hand and placed in an operational environment much more rapidly than satellites

can be placed on orbit.

The ANTS functions are partitioned into a Ground Segment (GS), an Air Segment (AS), and
~ a Space Segment (SS). The ANTS system operates in four primary and five auxiliary modes.
The auxiliary modes are modifications to the primary modes that use the Auxiliary Ranging
Unit (ARU) to address specific operational scenarios. The GS and AS have associated
equipment called the Ground Segment Unit (GSU) and Air Segment Unit (ASU),
respectively. This overall concept is depicted in Figure 1. Each air vehicle would have one
ASU, while the number of GSUs would be determined by the mode. As illustrated in Figure
1, the AS may have good GPS tracking in its mission, and at some point in time, as it
approaches a terminal area, it loses GPS reception. Assuming the AS is usxng a GPS/INS
~ system for PVT, the GPS/INS system would propagate the PVT solution using the INS only
“(i.e., coasting). This PVT solution would diverge over time depending upon the quality of
the INS unit, the AS dynamics, and the duration of GPS loss. The concept of the ANTS




would be to provide ASU and GSU to enable better PVT precision than would be afforded by
the INS-only PVT solution generated by the GPS/INS system.

The GSU and ASU segments consist of subsystems, which are further described in the
Functional Level Specification and System [2]. The GSU consists of the GPST containing
an Link 1 (1575.42 MHz)/Link 2 (1227.60 MHz) for GPS and a GPS/PL receiver.
Components separate from the GPST but still part of the GSU are small transportable high
performance multipath limiting antenna (i.e. AZMLA) and associated data link(s). The
Master GSU will have two data link functions: 1) the Ground Segments Data Link (GSDL)
that is used to communication to/from each of the GSU and the Airborne Segments Data
Link (ASDL) (Master GSU only). The other GSUs (non-Master GSUs) will have only
operational the GSDL to communicate to other GSUs, but could have a back-up capability to
communication to the AS via the ASDL, in which case they would assume Master GSU
functionality. The ASU consists of the GPS/PL Receiver, INS, ASDL, and processor
subsystems to combine all observable measurement to form a high precision PVT solution.

GPS SV —— GPS SV
Ce TN ]

Typical GPS/INS <« Airborne Segment
Performance Error

Envelope %
GPS P pd

Desired ANTS
Performance Error

No GPS Envelope
Terminal
Area Same for
ASDL other PLs

., Same for other--

GSDLs oo t> 3D Vector
ange Data, Measurements
Confirm m

Figure 1. Functional Block Diagram of an ANTS

5. PHASE I
5.1  Development of the ANTS Functional Level System Specification

An FLSS was formed which documented ANTS specification items pertaining to scenario
definition, GS, GSU, AS, and ASU functionality and operation [2]; these will be summarized
here. The scenario definition included the concept of operations of the system, the scope of
ground reference sites used to support operations, and performance requirements of the



systems. The AS defines the baseline configuration as a GPS/PL capable L1, L2, C/A and/or
P/Y-code receiver with an integrated INS, and it identifies ASDL functionality. The GS
definition includes the applicability and capability of various ground equipment to include
GSUs and associated GSDL and AZMLA as well as reference points to support ANTS

operations.

As part of the ANTS development, an FLSS document was developed. This document
defines the functionality and describes the modes, systems and subsystems of ANTS.
Additionally, the FLSS document describes the portability and risk analysis of ANTS.

The ANTS functions are partitioned into GS, AS, and an SS. The ANTS system operates in
four primary and five auxiliary modes. The auxiliary modes are modifications to the primary
modes that use the ARU to address specific operational scenarios. In this final report, only
the four primary modes will be addressed, with the auxiliary modes being described in the
FLSS document [2]. The four primary modes are:

Mode 1: Differential GPS (DGPS)

Mode 2: DGPS / Differential Pseudolite (DPL)

Mode 3: PL-Only (non-differential, with no GPS at some point)

Mode 4: DPL (No GPS at some point)

Modes 1 and 2 could need as little as one GSU, while Modes 3 and 4 would need at least four
GSUs. In all cases except Mode 3, one of the GSUs would be considered the Master GSU.
It is envisioned that a two-person crew could eventually deploy each GSU. The GSU would
perform a self-survey to determine its location, in either absolute or relative terms, depending
on the mode. If the mode depends upon GPS, then the self-survey would be based on the
WGS-84 datum set that GPS is based upon.

In ANTS Mode 1, ANTS would operate as a DGPS reference system to augment the PVT
accuracy of the AS. A GSU, in DGPS mode with a precisely known location and clock
solution, receives GPS signals and transmits pseudorange measurements and coordinates to
the Master GSU. The Master GSU then forms an overall pseudorange correction (PRC) for
each SV source and then transmits these to the AS, through the data link. This is “basic”
DGPS where common error sources are removed and non-common errors are either
measured (i.e., ionosphere delays) or modeled (multipath, troposphere delays) and removed.

In a DGPS system, AS PVT accuracy is largely dependent on the geometry of the ranging
sources (i.e., GPS SV locations) with respect to the ASU location. Depending on the GPS
constellation is operational state and interference environment, the level of availability may
not be sufficient to meet the location requirements of the AS in Mode 1. Because of this
insufficiency, ANTS Mode 2 includes a DPL along with DGPS. The pseudolite, which is a
ground-based “GPS-like” transmitter, augments the satellite constellation to improve the
geometry and availability of ranging signals for improved user location PVT performance.

In order to address a dynamic signal-availability environment, in which the GPS signals are
either unavailable or denied to the GSU during flight because of jamming, the ANTS Mode 3
operates in a PL-Only mode. In the PL-Only mode the ASU uses ranging signals from the




GSU and SV. However, since no differential corrections are being generated, there is no data
link used. Because the location of the PL transmitters and there transmitter clock is needed
for AS PVT solution, an operational assumption is made that at some point prior to AS use,
the location of the PL transmitter location and their clock solution is solved for. This
solution is assumed to be known via GPS with respect to the WGS-84 datum and the clock is
propagated using a high quality oscillator (e.g., Rubidium (Rb)).

Mode 4 uses only the PL ranging sources within a minimum of four GSUs and incorporates
the capabilities of differential PLs for the solution of the AS PVT. Like Mode 3, Mode 4
involves a scenario in which GPS signals are either unavailable or denied to the GSU at some

.point within the AS mission. In Mode 4 all of the GSUs forward their observable

measurements and self-surveyed coordinated to the Master GSU (software). The Master
GSU then computes PRCs for the pseudolite ranging sources within the GSUs, and then
transmiits these data to the ASU via the data link for AS PVT determination. Mode 4 and all
its associated modes depend heavily upon an accurate GSU position and clock solution.
Mode 4 must either obtain a surveyed or self-surveyed position using GPS and the WGS-84
datum prior to its becoming unavailable or it must obtain the position survey through
alternate means using the ARU.

6. PHASE I

6.1  Architecture Trade-off Analysis

After the ANTS FLSS was largely completed, an architecture trade-off analysis was

conducted. A GPS (L1, L2 C/A and/or P-Code) and INS integrated system was used as a
baseline configuration. This baseline configuration was used to assess if additional
performance can be attained for an ANTS.

6.1.1 Simulation Model using GPS, INS, and Pseudolites (PL)s with an Extended
Kalman Filter ,

Modeling of an AS trajectory utilizing ground-based PL transmissions for GPS/INS
augmentation has not been fully studied. A simulation studying the possible effects of PL
measurements near the terminal location was performed to assess the potential benefit of an
ANTS [3]. A first-order simulation, based in large-part on prev1ous research [4,5,6,7,8] was
performed that included the following modeling:

e AS trajectory that approx1mates possible mission dynamics, duration and geometric

shape

e Post-processed ephemeris data for ranging of the missile GPS receiver and space-
based satellite signals
Four channel P-code GPS receiver
INS with performance of 0.7nm/hr
Four ground-based pseudolite aided measurements
Scenarios where GPS was not available and PLs were used for measurement updates
to an extended Kalman filter. ' :




6.1.1.1 Missile Simulation Model (MSM)

The following sections describe the set-up of the computer simulation for the MSM error
models. The total number of states for the three navigational subsystems is eighty-seven
(87); 39 INS, 30 GPS and 18 PL. Reference [3] contains the details of the error states

modeled.
6.1.1.1.1 Flight Profile Generation

The flight profile for the missile trajectory was developed by analyzing post-processed data,
previously recorded from an actual missile flight test. Once analyzed, a “first-look” missile
profile, FLIGHT, was generated using a program PROFGEN [9]. The file FLIGHT contains

the information summarized in Table 1.

Table 1. Variables Contained in FLIGHT File

NAME # OF DIMENSIONS PROFGEN VARIABLE NAME
time 1 TIME
terrestrial longitude 1 TLON
geographic latitude 1 GLAT
altitude 1 ALT
wander angle 1 ALPHA
roll 1 ROLL
pitch 1 PITCH
yaw 1 YAW
wander angle rate 1 DALPHA
roll rate 1 DROLL
pitch rate 1 DPITCH
yaw rate 1 DYAW
earth velocity in frame n 3 - VEN
specific force in frame n 3 FIN

The flight profile computes position, velocity, acceleration, attitude and attitude rate for the
AS moving over the earth. Position is given as (geographic) latitude, longitude and altitude.
Velocity with respect to earth is coordinatized and presented in a local-vertical frame.
Acceleration consists of velocity rates-of-change summed with Coriolis effects and gravity.
Attitude consists of roll, pitch and yaw: the Euler angles. The flight profile models a point
mass responding to maneuver commands specified by the user. ‘

The AS profile was created by concatenating a sequence of maneuvers, and the resulting
output is a binary flight file called "FLIGHT". Appended to the binary FLIGHT file is
precision GPS ephemeris data. The ephemeris data was carefully selected based on predicted
PDOP . values calculated from GPS almanac data that would correspond to Kabul
International Airport, N 34.57, E69.21, alt=5871ft. MSL on September 12, 2001. This date
corresponds to GPS week #1131, day 255. The SEM almanac data file utilized was:
'255.AL3 with the best four satellites based on a minimum PDOP, selected for a missile

launch between 19:10 UTC to 19:25 UTC.




The SV’s that correspond to the lowest PDOP were SVIDs: 2, 4, 5 and 24. The average
PDOP was found to be 3.12 during the missile flight at Kabul. The PDOP for the AS
mission duration is shown is Figure 2.
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Figure 2. PDOP for Missile Flight Profile Duration

The process of developing a flight profile is summarized below:
* Flight segment template (PROF_IN) created using sample AS trajectory and FLIGHT
data file was generated
e Precision satellite ephemeris was appended to the missile FLIGHT profile
e The final FLIGHT file contains the binary flight information, representing the missile
trajectory and the precision GPS ephemeris data for each Space Vehicles selected that
minimizes PDOP.

6.1.1.1.2 The INS Model

A 93-state INS computer model generated and used by past DoD research and later reduced
to a 39-state equivalent model was used for this project [4,10,11]. The large 93-state model
represents an accurate model available for a ring laser gyro inertial navigation system, but
requires a lot of computer processor power and simulation time. =~ While the 93-state model
is a very accurate representation of the INS error characteristics, the high dimensionality of
the state equations makes the model very CPU-intensive for the scope of this project. The
reduced state model is sufficient to investigate an AS profile and specific geographically
located ground-based PLs when spaced-based GPS signals are not available.

It should be noted that the barometric altimeter aiding measurements are considered to be
INS measurements, while the GPS and PL measurements are the respective updates for the
baro/inertial system from the GPS and ground-based PLs.



6.1.1.1.3 INS Measurement Model

One measurement commonly used to correct for inherent instabilities of the vertical channel
in the filter is the barometric altimeter. The barometric altimeter measurement equation is
based on the difference between the INS-predicted altitude, AltyNs and the barometric
altimeter-predicted altitude Altggy: Therefore it is necessary to develop the two separate
measurement signals that will be differenced to attain the proper measurement update for the
error state filter. The INS-predicted altitude is the sum of the true altitude, 4z, and the INS
error in vehicle altitude above the reference ellipsoid, & . The barometric altimeter reading is
modeled as the sum of the true altitude, A, the total time-correlated error in the barometric

altimeter, dhp, and a random measurement noise, v. The difference measurement update
signal d,, is formed in Equation (1) by subtracting the INS-predicted altitude from the

barometric altimeter altitude:

&Ah = Alt )y - Alty,

= [h, + Sh]=[hy +ohp — V] (D

= &—&B +v
6.1.1.14 The GPS Model

The GPS model is based upon pseudoranges from the GPS receiver equipment [4]. The
navigation information passed to the MSM filter is the respective range and ephemeris data
position to each of four SVs. A 30-state GPS truth model was used. There are five types of
error sources that are modeled in the GPS truth model state equations. The first two states
represent the errors in the user clock as range equivalent of user clock bias, and velocity
equivalent of user clock drift. The initial state estimates and covariances for these states
were chosen to be consistent with previous research [3]. Because these error sources are a
function of the user equipment, they are common to all the satellite vehicles. The remaining
five sources of errors are unique to each SV, based on their individual equipment and their
position with respect to the user. The first SV specific error source is the code loop tracking
error, &Ry, - Although the code loop is part of the user equipment shared by all the SVs, its

error magnitude is relative to each SV. The second and third SV specific errors are the
atmospheric interference with the EM signals, JR;,, and OR,.,, , as related to the ionospheric

and tropospheric delay in the signal's propagation. The code loop error, tropospheric delay,
and ionospheric delay are all modeled as first order Markov processes with time constants
consistent with previous research [5]. All three are driven by zero-mean white Gaussian
noise [3]. The fourth SV specific error source is due to inaccuracies in the clocks on board
the SVs, dR,, and the final error source in the user measurements is based on line-of-sight

errors between the SV's and the receiver, & , &, &, , respectively. See [3] for additional

detail.
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6.1.1.1.5 GPS Measurement Model

There are four GPS measurement updates, one from each of the SV range signals received by
the MSM filter. These measurement updates are once again difference measurements. The
GPS difference measurement is formed by taking the difference of the INS-calculated
pseudorange, R;ys and actual pseudorange, R;ps, as shown in Equation (2)

%gps = Rins — Rps | @)

The real pseudorange, Rgpg is the sum of the true range from the user to the satellite plus all
the errors in the pseudorange signal propagation. '

RGPS = Rt + éeraop + mion + &elrap + &Sclk + é]-\’Uclk -V (3)
where
Rgps = GPS pseudorange measurement, from SV to user
R, = true range, from SV to user
Reto0p range error due to code loop error
Riyop range error due to tropospheric delay
oR,, = range error due to ionospheric delay
ORg.p = range error due to SV clock error
Ry = range error due to user clock error
12 = zero-mean white Gaussian measurement noise

The second source of a range measurement is the INS itself, R,,. R, is the difference
between the MSM-calculated position, X, , and the satellite position from the ephemeris
data, Xg. This difference vector is represented below in the ECEF frame:

[ e
Xy Xs
Rins =|XU ‘Xs| =NYur —\Vs 4
2y Zs
An equivalent form for Equation (4) is
‘Ryys =\/(xu"xs)2 +()’U’)’s)2 +(zy "ZS)Z , (5)

Ryys is then linearizied by a first-order Taylor series, with perturbations representing the
errors in X{7 and Xg:

Finally, the GPS pseudorange truth model difference measurement is given as:
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Gcps, = Rins = Raps : (6)

The user position errors embedded within Equation (6) can be derived from the truth model
using an orthogonal transformation. The measurement noise variances for the truth model

equations are provided in Appendix B of [3].
6.1.1.1.6 The PL Model

The PL truth model contains 18 states to simulate real world errors that are thought to exist in
an ANTS. The first two states are common error states, i.e., these efrors are common to all -
ground-based PLs [5] attributed to user hardware. They appear as a bias term and are
modeled as random constants as R, =Range error due to equipment bias and ov, =Velocity -
error due to equipment bias. The initial conditions for the truth model states were chosen to
be consistent with [5] and previous PL research [4].

In addition to the common errors when using pseudolites, each of the PLs have four error
states to model the unique errors of each one of four PL units. These errors represent the
error in the surveyed position (x, y and z) of the PL locations and an atmospheric propagation
delay between the PL and the AS PL receiver. The position errors are modeled as random
~ constants and the atmospheric error is represented by a first order Markov process. ~The
details of the error estimate for the PL can be found in [3]. Thus, the truth model for the
ground-based PLs, consists of 18 states; two (2) common user error states plus four sets of
four (16 total) unique PL error states.

6.1.1.1.7 PL Measurement Model

This section describes the truth model measurement equations for the PL updates. Each
equation is identical in form for all four ground-based PLs. The PL difference measurement
is generated by forming two independent measurements of the range from the PLs to the AS.
The extended Kalman filter then takes the difference of these two measurements to form ¢z .

The two range measurements differenced are the INS-computed range (R,y;) and the PL-

calculated range, R, :
Op, = Ryys = Rp, ' (7N

" The PL range measurement, R,, is the sum of the true range from the ground-based PL to
the AS and the errors likely to be found in the measurement signal: '

R, =R +dR,, +OR, +V (8)

atm
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where:

R,, =PL range measurement from ground-based PL to AS
R, = true range from pseudolite to missile

OR

atm

= range error due to atmospheric delay
OR, = error due to equipment bias
v = zero-mean white Gaussian noise

The second source of range information is provided by the INS. The MSM takes the INS
computed position, X, and subtracts the known OL ground position, X,. The solution

mechanics solved similarly to the GPS difference equation, with the resultant equation actual
difference equation between R,, and R, . The equation for the difference measurement is

the complete form of the measurement for the truth model. This equation exactly matches
that found in [3].

6.1.2 Multimode Simulation for Optimal Filter Evaluation (MSOFE)

All error models described in previous sections make up the user section of the MSOFE
simulation [12]. MSOFE is a general-purpose, multimode simulation program for designing
integrated systems that employ optimal (Kalman) filtering techniques and for evaluating their
performance. For this analysis, 500 Monte Carlo runs were implemented. The simulation
was written in ANST standard FORTRAN 77, and was compiled and run on a SUN ULTRA
1 UNIX computer workstation for this analysis. ’

© 6.1.3 GSU Configuration and Simulation Parameters

A separate Monte Carlo simulation was run for each different scenario listed in Table 2. A
- top-view depiction of the AS flight path orientation with respect to the ground-based PLs are
shown in Figures 3 and 4. The ground-based PLs are all modeled as being physically located
at the same elevation, equally spaced apart from the terminal area center, making a shape of a
four-corner square.

Table 2. Monte Carlo Simulation Scenarios

Run # # of Flight Path Separation Time GPS Off | Time PL On
PLs Orientationto | Distance (m) | Prior to Ground Prior to

Pseudolites (sec) Ground (sec)

1 4 Angled 500 60 - 30

2 4 Angled 1000 60 30

3 4 ~ Angled 2500 60 30

4 4 Angled 5000 60 30

5 4 Straight 5000 60 30

(Baseline)
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Figure 3. Angled AS Flight Path
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Figure 4. Straight AS Flight Path
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6.1.4 Simulation Results

In Figure 5, the final ninety-five seconds of the simulation is shown. In this figure, at t=475
seconds, the AS is denied all GPS measurements, simulating the effects of localized
interference to GPS for the remainder of the AS flight. The AS continues for an additional
30 seconds utilizing an INS-only means of autopilot control. At t=505 seconds, the AS
begins using measurement updates to four ground-based PLs at equal radii apart from the
terminal area. The AS continues PL aiding for an additional 30 seconds, until contact with
the ground occurs.

GPS OFF 60sec, 500 MC, 500m, 1000m, 2500m and 5000m

500 T T T T T T T T T T T
|
|
s GPS Removed '
5 — :
S S -
P T
B 1
£ '
® '
- 1
1
|
-500 1 1 1 1
450 480 470 540 550
500 T T T T T T
1
1
g GPS Removed !
S '
i i —>
ok N - i
g = i -+
2 ' ]
Z ) 1
§ ' 1
a [ )
' '
' '
-500 I 1 " I 1 1 1 i 1 | i
450 460 470 480 490 500 510 520 530 540 550
500 T T 1 T T ¥ T
g i
5 GPS Removed ! PL Used
w '
g N\_’ ! \——b
3 0 - -
£ i
I 1
- '
© '
e ] :
< : i
-500 1 I + i 1 I 1 1 1 [ 1
450 480 470 480 4390 500 510 520 530 540 550

Time (sec)

Figure 5. Simulation Runs During the Last 85 Seconds (red solid=500m, green dots=1000m,
blue dashes=2500m, black dot-dash=5000m)

Looking at Figure 5, several findings are noted:
e The INS-only period of missile flight performs in graceful degradation with
performance matching that of a 0.7 nm/hr system

e At t = 505, all position estimates initially increase when pseudolite measurement
aiding is engaged



e The pseudolites spaced farther apart from the target performed better than those that
were nearer the target (2500 m & 5000 m performing better than 500 m & 1000 m)

e Altitude error is a dominant source of error
The latitude and longitude error were not symmetrical, likely due to the incident flight
path to the pseudolites being non-symmetrical (330-deg hdg, vs. cardinal hdg PL
modeling) -

e PL measurements provided the largest increase in aiding during the last portion of the
flight

e Need for PL model development to ensure model accuracy

In Figure 6, a comparison between Run 3, Run 4, and the baseline (GPS lost at 60 seconds) is
discussed.

In Figure 6, the INS-only degradation is shown as the baseline case. The baseline case does
not allow any PL measurement aiding during the entire AS flight. The benefit of PL aiding
begins to help decrease altitude error at approximately 10 seconds prior to the ground. In
other words, the final ten PL measurement updates decrease altitude errors by approximately
70%. For the PL placement as modeled in this project, horizontal (i.e., in the east, north
plane) error reduction does not seem to occur until the final three or four PL. measurement

updates.
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Figure 6. Simulation Runs 3, 4, and Baseline, last 85 seconds (purple dots=baseline, blue
dashes=2500m, black dot-dash=5000m)
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Looking at Figure 7, which is essentially expanding Figure 6 by zooming in and adding Run
6 (different PL orientation along the flight path), the PL benefit during the final 10 seconds
of simulated flight becomes more apparent. Positioning the PLs so that two PLs are aligned
with the incoming flight path of the AS depicts aiding to the vertical (elevation) channel, but
does not help much in the horizontal plane, when compared with Run 4. Again, all PL run
cases were shown to provide aiding during the final AS flight duration.

500 MC, Run 3, 4, baseline and Run 6
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Figure 7. Runs 3, 4, Baseline and Run 6, final 15 seconds prior to impact (purple
dots=baseline, blue dashes=2500m, black dot-dash=5000m, cyan triangles=Run 6)

6.1.5 Data Conclusions
A summary of PL position aiding benefits at the final impact time is shown in Figure 8. Note
that both the radial distance of the PL placed from the terminal area and the actual geometry

of the PL placement with respect to the flight path of the incoming AS play a significant role
in determining the amount of aiding benefit.
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Final Radial and Altitude Error
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Figure 8. Final Radial and Altitude Error for Simulation Scenarios

Also note that altitude error is only smaller than radial error when the PLs are clustered
together less than 1000 m apart. This is due to the PLs being closely spaced in a collinear
manner along the AS flight path; otherwise, altitude error remains a dominant source of error
when compared with all other cases. A listing of the numerical errors for Figure 8 is shown

in Table 3.

Table 3. Final Radial and Altitude Error for Simulation Scenarios (numerical)

Run # 1 2 3 4 5 6 (Baseline)
Radial Error (ft) | 99.02 | 91.65]25.35|7.53 |7.01 |131.33
Altitude Error (ft) | 89.26 | 70.98 | 43.23 | 41.83 | 25.05 | 145.89

A listing of the percentage difference for radial error and altitude error between Run numbers
1- 5 vs Run 6 (baseline) is listed in Table 4. For example, when comparing Run 6 (baseline
radial error of 131.33 ft) and Run 4 (estimated radial error of 7.53 ft), the percent change in
radial error is approximately 94.3% (reduction). '

Table 4. Final Radial and Altitude Error for Simulation Scenarios (percentage)

Run # 1 2 3 4 5 6 (Baseline)
Radial Error (% change in error) 246 (302 |80.7 943 |9%4.7 0
Altitude Error (% change inerror) |38.8 |513 [704 |[71.3 |82.8 0
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6.1.6 Summary and Recommendations for Simulation Model using GPS, INS, and
PLs with an Extended Kalman Filter

A simulation was performed that models an AS trajectory of approximately 535 seconds
(8.92 minutes), which uses a 0.7 nm/hr medium accuracy INS and conservative 4-channel P-
Code GPS receiver. An additional four ground-based PL. measurements were simulated to
provide additional extended Kalman filter measurement updates. All measurement updates
from the GPS or PL are in one-second increments. ' :

Depending on the radial distance of the PL measurements and actual Kalman filter

implementation onboard the AS, how the Kalman filter measurements are implemented, and
if the PL measurements are available, as simulated in this project, a reduction of horizontal
error between 24.6% and 94.7% may be expected with 68% confidence. Also, altitude error
was found to be associated by two factors: a) the radial distance of the PLs and b) . the
orientation of the PLs with respect to the AS trajectory. Results showed that altitude error
reduction of 38.8% and 82.8% may be expected with 68% confidence given an optimal
onboard (AS) Kalman filter integration.

. Because of the vehicle dynamics, it is critical that the Kalman filter tuning and measurement

update rates, including the overall systems integration of the automated flight controls be
adjusted accordingly to ensure navigation, guidance and control optimization. Because of the

large error-shape of the curves in Figures 5, 6, and 7, as seen in the final 30 seconds of AS

flight (while the space-based GPS is assumed to be not available), the Kalman filter gains
and measurement update cycles must be adjusted accordingly to optimize vehicle position
certainty. - :

While their could have been a wide variety of enhancements made to the simulation, which
could be implemented in future simulations if required (see list below) the simulation was
valuable to show that a ground-based PL network could enhance the position accuracy of an
AS for an ANTS.

These possible enhancements include:
e Simulate different PL geometries and locations
Simulate the benefit of fewer or additional PLs
Vary measurement update rates
Vary the time of each GPS outage(s) _
Vary the number of PL measurements allowed at a specific geographic location
Enhance the PL (very important) or other sensor error models in this simulation by
analyzing real (from field measurements) pseudolite error data
Increase the Monte Carlo runs to > 500
Refine and enhance the AS profile trajectory
o Study the benefits of PLs, depicting possible threats using DTED data for pseudolite
3-D simulation positioning '
¢ Study Kalman filter gains and measurement update optimization
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The results of this study clearly indicate that the final few seconds of the AS flight trajectory
are critical and contain the most information for the AS PVT determination.

6.2 Technology Assessment for an ANTS

Concurrent with the Trade-off Analysis and Prototyping Phase, the applicability of the
following technologies to the ANTS were assessed:

1. GPST configuration will be a factor with respect to making this transceiver portable
enough to support a deployable ANTS. As believed prior to contract award, the current size
of a GPST like system is larger than that defined in Task 1.0 of this contract.

2. Small All Zenith Multipath Limiting Antenna (AZMLA) technology that will have good
hemispherical coverage and good desired-to-undesired (D/U) ratio of approximately 20 dB.

6.2.1 Technology Assessment for GPST Technology

Since 1994 Ohio University has been involved with the development of airport pseudolites
(APL) for the FAA-sponsored Local Area Augmentation System [13,14,15 ,16].  This
development has been for both on-L1 (1575.42 MHz) and off-L1 operation, C/A and
Wideband (Modified P-code) using multipath limiting antenna technology. An APL was
successfully integrated into a high-accuracy DGPS/DAPL position solution, which increased
the availability of the GPS constellation [17]. Ohio University developed two GPSTs to
assess this technology for applications in the ANTS. The AZMLA and data link functions
are considered to be outside of the GPST functionality.

6.2.1.1 GPST Overview Description

By integrating a PL transmitter and a GPS/PL receiver the GPST is formed; the system is
autonomous and re-configurable. The data link that supports GSU-to-GSU and Master GSU-
to-ASU communications is considered separate from the GPST. A prototype GPST was
developed for applications evaluation in the ANTS and for technology assessment. As
illustrated in Figure 9, each GPST is controlled by a PC in a PC-104 form factor running a
real-time operating system. A QNX (UNIX like) real-time operating system (OS) was
selected and used for this controller function. An alternative real-time OS could also work
for this function (e.g., Linux, VxWorks, etc.) For ease of testing, each component of the
GPST was developed separately. Prior to option award, a the Rockwell L1,L.2, C/A and P-
code simulator card was selected to be the PL transmitter. Due to contractual difficulties
with Rockwell-Collins, which did not wish to participate in this development, the secondary
source was selected. The secondary source, IntegriNautics, Incorporated, provided a larger,
highly capable box (IN500) but was L1 C/A and P-code only; it did not generate L2. To
overcome this shortcoming, an L1-to-L2 translator was designed, built and tested. The dual-
frequency nature of the PL transmitter was used primarily to achieve the desired frequency
diversity during scenarios when only one of the two GPS frequencies was unavailable due to
possible interference. These PL signals can then be used to augment the GPS SV
constellation or be used as a separate ranging source. . Each GPS and PL receiver is capable
of receiving L1, L2, C/A and P codes. The GSDL for each GPST enables communication
between multiple GPSTs in a simulated local area (e.g., bench testing). The datalink
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functionality was incorporated via a Freewave wireless RS-232 device, which is frequency
hopping in the 900 MHz band.
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Figure 9. GPST Block Diagram and Associated AZMLA and Data Link
6.2.1.2 PL Transmitter

The original equipment manufacture (OEM) version of the IN500 PL transmitter is shown in
Figure 10. Figure 11 illustrates the unit in a 19” rack test configuration. Both units are low
power (Py = 13 dBm) versions of the IN500 transmitter. The PL generates L1 C/A and
P-codes signals, which can be synchronized with the GPS constellation when available as
shown in Figure 9. This synchronization allows the PL transmissions to be continuously
synchronized in time with GPS time. The IN500 performs a filtered GPS time solution and
continuously adjusts the PL time-of-transmission (TOTpr). In the original OEM version of
the IN500 if the GPS signals are lost signal transmission would halt. One change made in
this project was to allow the IN500 to transmit PL signals continuously even if GPS service
is disrupted. The transmitter TOTpy would drift over time, at the rate of the internal
Rubidium reference oscillator (RO), but would be corrected for by the Master GSU to allow
time synchronization of the ground-based PL. A pulse trigger output of the IN500 was used
as an input to a dynamic attenuator/blanker to “turn-down” the PL transmission power only
during the time when the PL transmitter was on. When the PL transmitter was off, the
attenuator/blanker would be set to zero, allowing for GPS signal reception. When GPS was
deemed to be unavailable and interference was detected by the GPS/PL receiver, then the
attenuator/blanker is set to 63 dB, thus allowing additional anti-jam protection to the PL
receiver. This technique is sometime called “anti-blanking.
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Figure 11. IN500 PL Transmitter in Test Rack Configuration

The OEM PL generates a single frequency output on the GPS L1 frequency (1575.42 MHz).
To enhance system performance in terms of frequency diversity, provision of a second PL
frequency on the GPS L2 frequency (1227.6 MHz) was implemented with an L1/L2
translator as shown in Figure 12. The L1-to-L2 Translator provides the PL signal on L2 as
well as the original L1 frequency. Translation was accomplished by splitting the PL signal
so that one signal can be down-converted, while the other remains at the L1 frequency. With
the input to the translator as the PL signal at + 10 dBm, via the IN500 Pseudolite, the signal
should not need to be band-pass filtered at L1 if the power density at the image frequency
(1227.6 - 347.82 = 879.78 MHz) is sufficiently low. After testing, significant power was
present at these frequencies (-60 dBm), so an L1 band pass filter (BPF) was implemented.
The L2 BPF is used to reduce signal on the sum product produced at 1923.24 MHz. The L1
and L2 signals are then recombined to form the final PL signal for use in the GPST.

22




Isolator Isolator

L1 Only i Delay
PL Signal
—> 12 . : ;

Power Splitter Power Combiner 2:1 mz S

1575.42 MHz Isolator  Mixer - y lena
BN 1227.60 MHz L2
BPF @ . BPF
347.82 MHz
10 MHz from IN500 Frequency

Reference Oscillator— Generator

Figure 12. L1-to-L2 Translator Block Diagram

In order to provide some input power margin at the 1 dB compression point, a mixer level of .
17 was selected (14dB input for 1 dB compression). Practically, the mixer should be
connected in a way that maximizes local oscillator (LO) and L1 input signal suppression at
the output. This was accomplished by connecting the L1 input to the RF port, the LO to the
IF port, and taking the output L2 signal from the LO port and thus maximizing the input vs
“output isolation. The worst case isolation for each: LO-RF and LO-IF is 20 dB while the best
case is 25 dB. For initial testing purposes, a signal generator provides the required 347.82
MHz LO for downconversion into the double balanced mixer. Later in testing, the LO signal
was generated with a small Communication Techniques (CTI) synthesizer clocked by a 10
MHz Rb RO, in the IN500. :

The output of the mixer is then band-pass filtered (BW = 24 MHz, 3 dB bandwidth) to
remove higher order mixer harmonic at 1923.24 MHz. The L2 signal and the original L1
- signal are then recombined into a composite L1/L2 signal via a combiner. The translated
path will have an induced phase/group delay as a result of the additional components and
feedline. This can be compensated for (via a delay) by adding additional feedline length on
the L1 pass-through side. ‘

The L1/L2 translator was shown to function properly. This testing was accomplished by -
using a PL capable NovAtel Millennium receiver to acquire both L1 and L2 C/A code
signals. After an initial settling period (a few minutes), the receiver acquired the L2 signal
and tracked both L1 and L2 signals without problem and was then able to hand over to the
P-Code (delayed version). The receiver was able to continue tracking the composite PL
signals for the entire duration of testing (several hours).
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6.2.1.3 GPST Attenuator/Blanker

Since the PL signal is generated on the GPS L1/L2 center frequency it must be pulsed in
order to prevent interference to GPS receivers. In addition to pulsing the PL signal within
the GPST the composite GPS/PL RF path to the receiver must be attenuated to prevent
saturating the GPS/PL receiver with too much power. Figure 13 is a block diagram of the
GPST Blanker/Attenuator circuit prototyped. The IN500 PL performs pulsing of the
transmitted signal and a local version of this pulsing format is available on a parallel-type
port on the unit. This pulsing format output is used to drive the attenuator/blanker
component, which is placed prior to the NovAtel GPS/PL receiver and the internal GPS/PL
‘receiver within the IN500 PL generator (used for GPS time synchronization). One issue to
using the pulsing output of the IN500 is timing latency of this output with respect to the
~actual RF signal time output. The baseband output is at a TTL signal with a 4.5 V “high”
level. Timing analysis was performed and showed that the internal PL RF pulses lag those of
the baseband PL pulser output by 356 ns. This latency could greatly increase if the
attenuator blanker driver circuit isn’t carefully designed. Too much latency would allow
“high power PL signals to enter the local GPS/PL receivers and push the automatic gain
control (AGC) circuits out of range to receive normal GPS signals. An alternative approach
may be to tap off the baseband pulsing format earlier internal to the INS00. Further testing is
needed in this area to ensure proper operation with low risk of failure.

Rapid blanking is provided by two cascaded GaAs high isolation switches, which are
triggered by the baseband PL pulser output. Low power versions were implemented here,
however further development would require higher power versions to handle increased
power commensurate with the final power transmitted by the PL. Each switch was shown to
provide 62 dB of on/off isolation, thus provide 124 dB of isolation when cascaded. Some RF
leakage (-51dBm to -31dBm) is present on each of the baseband control ports of the switch
so a low-pass filter was added to increase this isolation. The switches require a bipolar +/- 8
Volt control voltage so the attenuator/blanker has a driver circuit added. A simple driver
circuit was implemented to provide blanker functionality, but a more robust design is
required with less latency for a final design. A high-speed variable attenuator is also placed
in the attenuator chain to provide dynamic power level control to allow the user to
dynamically adjust the power level to the GPS/PL receivers. This functionality has not been
implemented at this time and would require some additional control circuitry. :
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Figure 13. Cascaded High-Isolation Switch Circuit and Attenuator for the GPST
Attenuator/Blanker

6.2.1.4 NovAtel Millennium GPS/PL Receiver

Three Millennium receivers were updated with newly developed GPS/PL software to allow
the reception and processing of the PL signals; Figure 14 is a photograph of a Millenium
receiver in a protective enclosure. These receivers were tested in the laboratory and the field
for many hours and they operated as expected. The receiver interfaced with the PC104
control PC, which provided control and data collection. The receiver’s local oscillator was
synchronized with the PL Rb RO via an external oscillator input to increase TOTpy, accuracy.
Connection to the Rb RO has the advantage allowing better TOTp, residual determination.
That can be passed on the GSDL to allow other GSUs more rapid PL direct-P code
acquisition, a technique that is used in the Ohio University prototype version of the Local
Area Augmentation System (LAAS), [18]. Additionally, when GPS is unavailable the
GPS/PL receiver clock drift will be bound by the stability of the Rb RO, which will enable
more rapid acquisition than a crystal-based RO.
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Figure 14. ’.NovAtwel GPS/PL »Rec.eivé'r
6.2.1.5 PC104 Control Computer

A PC104 computer was assembled with six serial ports used to interface with all the
hardware within the GPST the computer was installed in a rigid enclosure, see Figures 14a
and 14b. This computer was configured with the QNX real-time OS in order to control all of
the hardware. Receiver interface and data collection software was tested and shown to work
reliably.

s

Figure 14a. PC104 Cl F igure 14b. PC104 Mounted in Enclosure

6.2.2 Technology Assessment for an All-Zenith Multipath-Limiting Antenna
Technology (AZMLA)

In a ground supported DGPS or differential DPL augmentation system, low-frequency
ground multipath is a dominant error source. The design challenge under this task was to
provide a sharp roll-off of the elevation radiation characteristics, and sustain full hemi-
spherical coverage. Since 1991, Ohio University researchers have been striving to develop a
high performance multipath limiting antenna design to support precision approach
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applications. From 1994 to 1998 a practical antenna system was developed by Ohio
University in support of the FAA Local Area Augmentation System, which consisted of two
separate antennas; see references [19]. The goal under this program, was to develop a single
antenna that is relatively small (one-man transportable) that has reasonably good
performance (~20 dB D/U) over all elevation angles (~5 deg up to zenith (90 deg)). A plot of
the desired elevation radiation pattern characteristics is shown in Figure 15. The antenna is
planned to have an omni-directional pattern in azimuth.

Desired Multipath Limiting All Elevation Antenna Radiation Pattern

Elevation Vetical Gain (dB)

3 H ' X i 1 i 1 '
-80 €0 -40 -20 V] 20 40 60 80
Etevation Angle {degrees)

-40

Figure 15. Desired AZMLA Elevation Coverage Zone
(This may need refined to build a portable unit.)

6.2.2.1 AZMLA Details

Development of the AZMLA is not complete because the technical challenges of AZMLA
development are greater than originally planned. Successful development of the AZMLA is
believed to be possible and still shows promise. The data that follow summarize the current
status of the AZMLA development and performance. These data are more fully documented
in [20] '

6.2.2.2 Voltage Standing Wave Ratio (VSWR)

Over the frequency band from L2 (1227) to L1 (1575) good input impedance match for the
AZMLA is required for acceptable antenna efficiency and performance. The VSWR was
measured from 1150 MHz to 1600 MHz for a continuous VSWR measurement at the input to
each cross-V dipole. A typical VSWR plot for this input impedance response can be found
in Figure 16. The VSWR of each cross-V dipole exhibits a VSWR of less than 1.6:1 over the
frequency band of operation. These impedance data indicate that the antenna element may
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also provide adequate performance at the new GPS L5 frequency. It should be kep in mind
that the overall input impedance of the AZMLA should improve at the main and final input
of the AZMLA main power and phase distribution assembly. This good VSWR will provide
some additional isolation from the impedance mismatches originating from the cross-V
dipole RF feed points.

AZMLA VSWR

I2li150  f[sTART sweeP FREQ (MH2)] N [sTop swEEP FREQ (MH)| (2]16

Return Loss (dB)

FREQUENCY (MHz)

SERIAL #FProto Array © Technician ow ]
Date Thursday, June 12, 2003 ~ Timell 8:30 |

Figure 16. AZMLA VSWR

6.2.2.3 MLA Portion of the AZMLA

Significant effort has been expended on the development of a cross-V dipole element, which
will provide the desired impedance and radiation performance for the MLA portion of the
AZMLA. The same cross-V dipole planned for use in the MLA is also being used as the
principal radiator in the HZA. This dual use of the primary radiating element is important
when pattern vector summation is performed between the MLA and the HZA. If the
elements used in the HZA and the MLA are not equally matched in amplitude and phase
response, the combined patterns will result in nulls within the coverage volume.

An eight-element MLA array has been constructed as originally designed. Photos of the
eight-element MLA array are shown in Figures 17, 18, and 19. The copper metal center
support structure includes four frequency-matched baluns” for each cross-V dipole (one for
each dipole arm) which are machined into the center support tube which provide a high

* balun — abbreviation for balance and unbalance; it is a device that interconnects an unbalanced coaxial line to
a two-conductor line.
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impedance to the input feed points. These baluns help provide a good input impedance
match to the feed points of the cross-V dipole and force it to radiate outward onto the
radiators. The radiators used on the cross-V dipole are in the shape of wide conical triangles.
This conical triangular shape was conceived by the researchers at Ohio University. This
unique shape aids in the creation of a very wide operational frequency bandwidth. The white
PVC pipe frame is simply a support structure used for antenna range testing and it provides
easy access to the MLA array during prototype work. Figure 20 shows the 90-deg hybrid
devices used at the feed to each cross-V dipole, which create the Right Hand Circularly
Polarized (RHCP) radiation patterns from the dual-linear polarization response of the cross-V
dipole element. Each of the eight elements in the MLA array utilizes a 90-deg hybrid device
which is located inside the center support tube. The 90-deg hybrid devices are fed with the
MLA’s power and phase distribution assembly, which is shown in Figure 21.

Figure 17. MLA Eight-Element Array
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Figure 18. MLA Eight-Element Array with Four-Element Cross-V Dipoles

Fue MLA Showing Four-Element Power Distribution Assembly
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Figure 20. 90-deg Hybrid Power Splitters

Fe 21. Exght-leent Power Distribution sely

6.2.2.4 MLA and MLA RF Carrier Vertical Radiation Patterns

The vertical (i.e., elevation plan cuts) RF Carrier radiation patterns for the AZMLA MLA
Cross-V Dipoles have been measured at L1 (1575 MHz) and L2 (1227 MHz). Vertical
radiation patterns for the following configurations are included in this report:

One of Eight Cross-V Dipoles fed in the center of the radiating array. These data
help quantify the elemental pattern response of the cross-V dipole when located
within the eight element array. Knowing the elemental pattern response of the
primary cross-V dipole used in the array is critical in the overall array pattern
synthesis, which is required to shape the eight-element pattern. The RHCP vertical
patterns recorded at L1 and L2 for the single element response are shown in

Figure 22.
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Figure 22. Single Element MLA Array Vertical Patterns at L1 and 1.2

Four of Eight Cross-V Dipoles fed in the center of the radiating array. These data
help quantify the effects of combining four elemental patterns of the Cross-V Dipole
when located within the eight element array. The RHCP vertical patterns recorded at
L1 and L2 for the four element array response are shown in Figure 23. As can be
seen the four element array helps shape the vertical pattern significantly, providing
increased pattern control over the service volume as well as reduced signal level
below the horizon. However, significant improvements to the bandwidth and pattern
contro!l of the array are still required.
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Figure 23. Four-Element MLA Array Vertical Patterns at L1 and L2

It is encouraging to see that the MLA cross-V dipole array can be shaped and formed to meet
prescribed pattern response. This pattern formation is proving difficult as the basic single
element pattern of the cross-V dipole does not provide as smooth a pattern as desired. The
next phase of this development program will focus on the precise synthesis and formation of
an MLA beam shape, which will combine correctly with the HZA pattern as well as highly
suppress the negative angle energy while creating a suitable above the horizon gain pattern.

6.2.2.5 RF Carrier Horizontal Radiation Patterns of the MLA Portion of the AZMLA
The horizontal (i.e., azimuth) radiation pattern response of the cross-V dipole is as expected
and provides an omni-directional pattern in the azimuth plane. The horizontal plane

amplitude response is uniform for a cross-V dipole and the phase exhibits the expected
360 deg linearly increasing phase shift as a function of azimuth angle.
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Figure 24 AZMLA under Test on dBs Antenna Range, Huicane,UT
6.2.3 HZA Portion of AZMLA ~

The vertical RF Carrier patterns for the High Zenith Antenna have been measured at L1
(1575 MHz) and L2 (1227 MHz). Photos of the HZA are shown in Figures 25. Several
configurations of the HZA have been prototyped and tested. The configuration shown herein
exhibits the optimum performance for the combination array of the HZA and the MLA. It
exhibits good frequency response as well as reduced size to limit the resulting diameter of the
AZMLA when housed in a single cylindrical fiberglass radome.
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Figure 25. HZA Top View Showing Cross-V—Diole Radiator
6.2.3.1 RF Carrier Vertical Radiation Patterns of the HZA

The RHCP vertical (i.e., elevation) radiation pattern response of the HZA is shown in Figure
26. As can be seen, the HZA provides good high-zenith coverage as well as very good
negative-angle sidelobe suppression. Once the vertical patterns of the MLA portion of the
AZMLA are working, the HZA pattern will be added to the MLA pattern to form the
complete AZMLA hemispherical pattern. The addition of the HZA pattern to the MLA
pattern will fill any residual high-zenith nulls which are present in the MLA’s vertical
pattern.
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Figure 26. RHCP Vertical Patterns for the HZA

6.2.4 Combined HZA AND MLA RF Radiation Patterns to form the AZMLA

When properly combined the patterns of the MLA and HZA antennas will provide
hemispherical coverage with high gain and low negative-angle energy (high D/U ratio). The
two antennas have still not been combined to produce a complete hemispherical antenna.
The HZA pattern, however, has been combined with the theoretical performance of the MLA
resulting in the hemispherical performance shown in Figure 27. It is not yet known how
close the actual MLA pattern will resemble the theoretical MLA.
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Figure 27. Theoretically Combined HZA and MLA Patterns
6.2.5 Conclusions and Recommendations for the AZMLA

The AZMLA as described herein holds promise to become a mid-range performing multipath
limiting GPS/PL antenna, which can simultaneously operate at both L1 and L2 frequencies.

Accurate phase/amplitude response at this very broad band frequency requirement is difficult
and will limit the achievable sidelobe suppression and associated D/U ratio.

Preliminary testing of the four-element cross-V-dipole MLA array indicates that the MLA
array alone, without the use of the HZA, may be able to provide the desired hemispherical
pattern response. This would significantly simplify the AZMLA design as well as make it
smaller and lighter. It does, however, add difficulty to the design and synthesis of the MLA
array. The current ability of the array to fill the high zenith null only exists over a portion of
the operating frequency band. As can be seen in Figure 23, the high zenith null is filled at L2
but not at 1.

The technical difficulty of the AZMLA development has been great While still promising,
the resulting performance does not meet the original design envelopes. Control over the
vertical patterns of the MLA portion of the AZMLA has proven to be complicated when
applying the broad bandwidth requirements upon the array. The design of an adequate

cross-V dipole which allows vertical stacking of multiple elements to form a co-linear
vertically stacked array has also been complex. The mechanical layout of the power
distribution assembly in a manner which does not affect the radiation response of the cross-V
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dipole is problematic. As can be seen in Figure 19, the current approach is to locate the
coaxial cables which feed each element along the outer perimeter of the central support
structure.  The required 90-deg hybrid which must be located at the feed point of each
element drives the mechanical size of the center support tube which in turn has an effect on
the radiation characteristics of the element. Successful development of the AZMLA is still
believed to be possible with effort. Further development of the AZMLA is still favorable
given that there is a significant application for an antenna with the performance planned for
the AZMLA. Continued development would be well worth the additional effort required to

complete it.

7. CONCLUSIONS

This final report documents activities performed under contract F29601-00-C-0212, for the
functional requirements and technical assessment for the development of an ANTS using the
GPS. Under the Base Year of this contract, an FLSS Architecture Study was performed.
Under Option Year 1, Technology Assessment items: 1) GPST, and 2) a small AZMLA were
developed. This report documents the outcome from these activities.

Under the FLSS, the ANTS functions are partitioned into GS, AS, and an SS. The ANTS
system operates in four primary and five auxiliary modes. The four primary modes are:
1) Mode 1: Differential GPS (DGPS), 2) Mode 2: DGPS / DPL, 3) Mode 3: PL-Only (non-
differential, with no GPS at some point), and 4) Mode 4: DPL (no GPS at some point).

After the ANTS FLSS was largely completed, an Architecture Trade-off Analysis was
conducted. A GPS (L1, L2 C/A and/or P-Code) and INS integrated system was used as a
baseline configuration. This baseline configuration was used to assess if additional
performance can be attained for an ANTS. The analysis was largely performed by a
Simulation Model using GPS, INS, and PLs with an Extended Kalman Filter. The
simulations performed modeled an AS trajectory of approximately 535 seconds (8.92
minutes), which uses a 0.7 nm/hr medium accuracy INS and conservative 4-channel P-Code
GPS receiver. An additional four ground-based PL measurements were simulated to provide
additional extended Kalman filter measurement updates. Depending on the radial distance of
the PL measurements and actual Kalman filter implementation onboard the AS, how the
Kalman filter measurements are implemented, and if the PL measurements are available, as
simulated in this project, a reduction of horizontal error between 24.6% and 94.7% may be
expected with 68% confidence. Also, altitude error was found to be associated by two
factors: a) the radial distance of the PLs, and b) the orientation of the PLs with respect to the
AS trajectory. Results showed that altitude error reduction of 38.8% and 82.8% may be
expected at 68% confidence, given an optimal onboard (i.e., AS) Kalman filter integration.
Because of the vehicle dynamics, it is critical that the Kalman filter tuning and measurement
update rates, including the overall systems integration of the automated flight controls, be
adjusted accordingly to ensure navigation, guidance and control optimization. The final
seconds of AS flight (while the space-based GPS is assumed to not be available are critical to

obtain good system performance for the ANTS.
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The GPST was formed by integrating an IN500 PL transmitter, a NovAtel Millennium
GPS/PL receiver, RF attenuator/blanker circuit, and real-time controller, which is
autonomous and re-configurable. A prototype GPST was developed for applications
evaluation in the ANTS and for technology assessment. Due to contractual difficulties the
secondary source was selected for the PL transmitter. This secondary source, IntegriNautics, -
Incorporated, provided a larger, highly capable box (IN500) but was L1 C/A and P-code
only; it did not generate L2. To overcome this shortcoming, an L1-to-L2 translator ‘was
designed, built, and tested. The dual-frequency nature of the PL transmitter was used
primarily to achieve the desired frequency diversity during scenarios where only one of the
two GPS frequencies was unavailable. These PL signals can then be used to augment the
GPS SV constellation or be used as a separate ranging source. A low power version of the

 attenuator/blanker circuit was designed and built which illustrated some timing issues

associated with the real-time control of this function. Additional resolution is need to ensure
a small time slice (356 ns) of high power that may trigger the AGC loops within the GPS/PL
receivers internal to the GPST. Good system performance was attained on L1 and L2, C/A
and P-code tracking.

Although the overall AZMLA is not complete and did not met the overall design envelope
initially sought, the AZMLA still holds promise to become a mid-range performing multipath
limiting GPS/PL antenna which can simultaneously operate at both L1 and L2 frequencies.
Accurate phase/amplitude response at this very broad band frequency requirement is difficult
and will limit the achievable sidelobe suppression and associated D/U ratio. Preliminary
testing of the 4 element cross-V-dipole MLA array indicates that the MLA array alone may
be able to provide the desired hemispherical pattern response, which would significantly
simplify the AZMLA design, as well as, make it smaller and lighter. Control over the
vertical patterns of the MLA portion of the AZMLA has proven to be complicated when
applying the broad bandwidth requirements upon the array. The design of an adequate
cross-V dipole, which allows vertical stacking of multiple elements to form a co-linear
vertically stacked array has also been complex. The mechanical layout of the power
distribution assembly in a manner which does not affect the radiation response of the cross-V
dipole is problematic. Successful development of the AZMLA is still believed to be possible
with effort. Further development of the AZMLA is still favorable given that there is a
significant application for an antenna with the performance planned for the AZMLA.

The objective of this program was to provide sufficient assessment for the potential
development of an ANTS that will minimize the risk for successful implementation of the
final ANTS in the future. Emphasis was proposed and placed on the purchase of COTS
equipment whenever practical available. The FLSS and the Architecture Trade-off Analysis,
although not exhaustive, did provide sufficient detail and illustrated the potential benefit to
an ANTS. The GPST developed provided sufficient detail to see the benefit of an integrated
GPS-like (i.e., PL) transmitter and GPS/PL receiver package. The deployment of ground-
based PL transmission and reception assets would require a transportable antenna system to
mitigate multipath; the AZMLA was a goal of this capability that was not achieved, but did
provide sufficient technology assessment of the small-stacked array technology prototyped.
While the overall design predicts good performance, fabrication difficulties existed in terms
of mutual coupling between array elements which limited its overall performance.
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For this contractual effort, an FLSS, architecture analysis and technology assessments of key
items necessary for ANTS deployment were performed. Several innovative techniques
which were explored include the development of a GPST, their integration in multiple GSUs,
and the development of a small AZMLA technology. As stated in the original proposal, all
of the major items in the program are “pushing” the state-of-the-art with respect to the fact
that, to the best of our knowledge, they are not being done elsewhere. Successful
implementations of these techniques will have direct impact on the potential future
deployment of an ANTS. Additional risk mitigation would likely be required to ensure this
successful implementation.
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